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The Influence of Distance on
Radiant Exposure and Degree of
Conversion Using Different Light-
Emitting-Diode Curing Units
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Clinical Relevance
It may be necessary to double or triple exposure times when polymerizing at increasing
clinically relevant distances from the base of the preparation.
SUMMARY
Objectives: To investigate the influence of
curing distance on the degree of conversion
(DC) of a resin-based composite (RBC) when
similar radiant exposure was achieved using
six different light-curing units (LCUs) and to
explore the correlation among irradiance, ra-
diant exposure, and DC.
Methods and Materials: A managing accurate
resin curing-resin calibrator system was used
to collect irradiance data for both top and
bottom specimen surfaces with a curing dis-
tance of 2 mm and 8 mm while targeting a
consistent top surface radiant exposure.
Square nanohybrid-dual-photoinitiator RBC
specimens (5 3 5 3 2 mm) were cured at each
distance (n=6/LCU/distance). Irradiance and
DC (micro-Raman spectroscopy) were deter-
mined for the top and bottom surfaces. The
effect of distance and LCU on irradiance,
radiant exposure, and DC as well as their
linear associations were analyzed using anal-
ysis of variance and Pearson correlation coef-
ficients, respectively (a=0.05).
Results: While maintaining a similar radiant
exposure, each LCU exhibited distinctive pat-
terns in decreased irradiance and increased
curing time. No significant differences in DC
values (63.21%-70.28%) were observed between
the 2- and 8-mm distances, except for a
multiple-emission peak LCU. Significant
differences in DC were detected among the
LCUs. As expected, irradiance and radiant
exposure were significantly lower on the
bottom surfaces . However , a strong
correlation between irradiance and radiant
exposure did not necessarily result in a
strong correlation with DC.
Conclusions: The RBC exhibited DC values
.63% when the top surface radiant exposure
was maintained, although the same values
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were not reached for all lights. A moderate-
strong correlation existed among irradiance,
radiant exposure, and DC.
INTRODUCTION
The polymerization effectiveness of light-cured res-
in-based composite (RBC) depends on its composition
and the light’s spectral characteristics.1,2 An RBC
should receive the necessary power at the appropri-
ate wavelengths for a sufficient amount of time to
effectively activate polymerization.1-5 The amount of
energy needed varies according to the RBC’s compo-
sition, shade, and translucency.1-5
Manufacturers do not typically disclose all of their
product components and concentrations. The manu-
facturer-recommended RBC curing time is typically
based on testing the material in ideal laboratory
conditions, in which a light-curing unit (LCU) guide
tip is positioned as close as possible to the specimen,
commonly at a distance of 0 mm.5 However, in a
clinical setting, a 0-mm distance between the light
guide and the restoration surface or cavity floor is
not often attained. For example, the distance
between the light guide tip and the cervical floor of
a class II proximal box can reach up to 8 mm.3
Increasing distance decreases the amount of irradi-
ance (irradiance [mW/cm2] = power/surface area)1-6
and radiant exposure (radiant exposure [J/cm2] =
irradiance 3 time)1,2,5,6 received by an RBC. Conse-
quently, using the same curing time as instructed by
the manufacturer when the distance is increased can
result in a lower radiant exposure than required for
sufficient photoinitiator activation.3,7,8 This can lead
to formation of a polymer network with less than
ideal properties.2-4,9,10 In addition to decreased
properties, insufficient polymerization can result in
leaching of unreacted monomers into the oral
environment and compromised restoration longevi-
ty.3,11-13 Therefore, increasing curing time may be
needed as the curing distance increases from the
RBC.
When maintaining radiant exposure, some RBCs
exhibit similar properties,2,14,15 but others may
not.9,16,17 Musanje and Darvell9 reported that calcu-
lations using radiant exposure delivered to a resto-
ration are based on the law of reciprocity, and the
calculations do not recognize product behavior.
Although this may be true, clinicians need usable
guidelines when curing RBCs. A recent study
showed that a better depth-of-cure comparison was
achieved when a similar radiant exposure was
delivered.18 In addition, most studies evaluating
RBC polymerization used different irradiance and
curing time combinations and different light sources
at one curing distance.2,9,14-18 Determining curing
protocols remains complicated because of variations
in RBCs and the complexities of polymerization
kinetics. The literature recommends that manufac-
turers provide curing protocols identifying the
required energy for each RBC.9,14 Unfortunately,
detailed curing protocols at clinically relevant dis-
tances to effectively activate polymerization are
rarely provided, and clinicians are left to subjectively
determine appropriate exposure times. Determining
the curing effectiveness for different distances based
on radiant exposure calculations from the irradiance
and curing time provided by the manufacturer was
worth investigating.
The aims of this study were 1) to investigate the
influence of distance on the degree of conversion
(DC) of an RBC when similar radiant exposure is
achieved using multiple light-emitting-diode (LED)
curing units and 2) to explore the correlation among
irradiance, radiant exposure, and DC for multiple
LED units at two clinically relevant distances.
METHODS AND MATERIALS
Light Characterization
Six LCUs were explored in this study (Table 1). The
irradiance and spectral irradiance for each curing
unit were measured using a managing accurate
resin curing-resin calibrator (MARC-RC) system
(BlueLight Analytics, Halifax, Canada). The system
had custom-designed top and bottom 4-mm cosine
corrector sensors designed to collect the light output
at 1808 to eliminate any optical interference issues
associated with the light-collection sampling geom-
etry.19 The measurements collected from the top
sensor represented the irradiance and radiant
exposure received on the top RBC surface. The
bottom sensor measurements obtained under an
RBC increment in real time represented the irradi-
ance and radiant exposure received on the bottom
surfaces.8,20-23
The irradiance measurements and specimen prep-
aration were performed in a constant-temperature
room (218C) with 380- to 520-nm ambient light
filtered from the environment. On the top sensor,
each curing unit position was standardized using a
mechanical arm, with the guide tip centered over the
sensor. Each unit was positioned at 0, 2, 4, 6, and 8
mm between the guide tip and the top sensor to
collect the irradiance and spectral emission (n=6/
LCU/distance). The collected irradiance was used to
adjust the curing times for each tested distance to
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roughly maintain the radiant exposure at 10-11 J/
cm2 on the top surface. This was consistent with
manufacturer’s irradiance and curing time guide-
lines for the dual-photoinitiator RBC (Tetric Evo-
Ceram Bleaching shade XL, Ivoclar Vivadent, Am-
herst, NY, Lot No. T25427). Each LED unit was fully
charged before collecting measurements, and the
quartz-tungsten-halogen (QTH) unit fan was al-
lowed to completely turn off between measurements.
The RBC contained camphorquinone (CQ) and
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide
(TPO) photoinitiator systems, with less concentra-
tion of CQ compared with other Tetric EvoCeram
shades.24 This particular RBC was selected with the
intent of accentuating potential differences in poly-
merization using single- or multiple-emission peak
LED units.
Specimen Fabrication
Each LCU was positioned over the bottomMARC-RC
sensor in a setup similar to the top sensor. Square
specimens (5 3 5 3 2 mm) were fabricated using a
Delrin mold as described in a previous study (n=3/
LCU/distance).22 The RBC was placed in the mold
and sandwiched between two 0.002-mm-thick clear
Mylar strips (Matrix Strips, DuPont MYLAR, Ches-
ter, VA) and glass slides to remove the excess
material. The glass slides were removed, and the
mold with Mylar strips was placed in the bottom
sensor well. Each light guide tip was positioned at 2-
or 8-mm curing distance from the top specimen
surface, to represent a good and worst clinical case
scenario, respectively.3 Each curing unit was acti-
vated, and specimens were cured from the top using
the adjusted curing times. The bottom sensor
recorded the irradiance, radiant exposure, and
spectral emission measurements passing through
the 2-mm-thick specimens. The Mylar strip placed
on the top specimen surfaces absorbed 3.5%-6.3% of
the LCUs’ irradiation. This absorbance was similar
to another study.25 The Mylar strips were removed,
and the specimens were placed in a container, then
wrapped with aluminum foil to prevent specimen
exposure to light. Specimens were stored dry in a
378C incubator for 24 hours.26
DC Measurements
The top and bottom specimen surfaces were finished
using a Struers Rotopol 4 polishing unit with 1200-,
2400-, and 4000-grit SiC abrasive paper and polished
using a 1-lm alcohol-based diamond polishing
suspension (Struers, Ballerup, Denmark) to produce
a flat and smooth surface. Specimens were ultrason-
ically cleansed for 20 minutes in deionized water to
produce clean surfaces for DC testing. The DC
measurements were collected using micro-Raman
spectroscopy (FORAM, CRAIC Technologies, San
Dimas, CA, USA) with a 785-nm laser excitation.
Five scans for each spectrum measurement were
collected and processed with FORAM PC software.
Spectra of the uncured and cured RBC were recorded
(n=3). The fourth day after specimen preparation,
DC measurements were collected from the top and
bottom surfaces (50/surface) in standardized loca-
tions of a 3 3 3-mm checkerboard grid pattern. The
measurements obtained were at least 1-mm away
from all edges of the specimen. The DC calculation
was attained by comparing the relative change of the
vinyl C=C band peak height (1640 cm1) before and
after the polymerization and the aromatic C=C
reference band peak height (1610 cm1) using the
following equation27:
DC% ¼ 1
cured peak height at 1640peak height at 1610
 
uncured peak height at 1640peak height at 1610
 
0
@
1
A3 100
Statistical Analysis
The effects of the LCUs and distance from the
specimen (2 or 8 mm) on irradiance, radiant
exposure, and DC were analyzed using multiple-
way analysis of variance (ANOVA), with each LCU-
distance combination allowed to have a different
variance. Pearson correlation coefficients were cal-
Table 1: Light-Curing Units (LCUs) Explored in the Study
LCU Type LCU Name Abbreviation Manufacturer
Quartz-tungsten-halogen (QTH; control) Optilux 401 O Kerr, Orange, CA, USA
Multiple-emission peak light-emitting
diode (LED)
Bluephase Style (with the updated light guide tip) BS Ivoclar Vivadent, Amherst, NY, USA
SmartLight Max SM Dentsply, York, PA, USA
Valo Cordless V Ultradent, South Gordon, UT, USA
Single-emission peak LED DEMI (with a turbo tip) D Kerr, Orange, CA, USA
Demi Ultra DU Kerr, Orange, CA, USA
Al-Zain, Eckert & Platt: Distance and Composite Curing Time E135
culated to evaluate the linear associations among
irradiance, radiant exposure, and DC. The percent-
age decrease in irradiance, radiant exposure, and DC
between the top and bottom surfaces for each LCU at
each curing distance was calculated using a Student
t-test. A 5% significance level was used for all tests.
The normality assumptions were assessed and met
for the ANOVA.
RESULTS
Irradiance and Spectral Irradiance
Measurements
Figure 1 shows an inverse relationship between
irradiance and curing distance in a distinct pattern
for each LCU. Figure 2 displays a positive relation-
ship between curing distance and curing time to
achieve a similar radiant exposure, which was
unique for each curing unit. When curing with
Bluephase Style (BS), a relatively equivalent irradi-
ance and curing time were displayed for up to 6 mm
from the top sensor. On the other hand, when the
distance was increased, the remaining LCUs re-
vealed a relatively gradual increase in curing time
and decrease in irradiance. Table 2 depicts that
curing with Optilux 401 (O) and BS showed the least
decrease in irradiance and the least increase in the
required curing time between 2- and 8-mm distances
to achieve the targeted radiant exposure. On the
other hand, SmartLight Max (SM), Valo Cordless
(V), and Demi Ultra (DU) showed the most decrease
in irradiance and the most increase in the required
curing time.
Figure 3 displays the spectral irradiance of the
curing units combined with the spectral absorption
of CQ and TPO photoinitiators at 2-mm distance.
Figure 3a shows a broad spectral irradiance curve
for the QTH unit that fell within the absorption
ranges of CQ (peaks approximately at 470 nm) and
TPO (peaks approximately at 380 nm). The multiple
emission peak LED units emitted two spectral
peaks, one in the blue range (420-520 nm) and one
in the violet range (380-425 nm), which fell within
the absorption range of CQ and TPO, respectively.
Both the QTH and multiple-emission peak LED
units had higher output in the CQ range than the
TPO range. However, the multiple-emission peak
LED units had a higher output than the QTH unit in
the CQ and TPO ranges. The single-emission peak
LED units had one spectral peak in the blue range
that fell within the maximum absorption range of
the CQ. Each LCU exhibited a unique peak wave-
length and peak height. Furthermore, Figure 3b
shows that the spectral irradiance dramatically
decreased on the bottom surfaces of the 2-mm-thick
specimens compared with the top. Also, the bottom
sensor no longer effectively detected the violet curves
when using the multiple-emission peak LED lights.
Similar trends were observed at 8-mm distances.
Irradiance, Radiant Exposure, and DC
Measurements
Figure 4 shows the comparison of irradiances
received on the top and bottom surfaces among the
LCUs, where significant differences were detected
Figure 1. Mean (SD) irradiance (mW/cm2) measurements at multiple
distances (mm) for the LCUs collected using the MARC-RC top
sensor. The irradiance decreased with the increase in the distance in
a pattern that was unique for each LCU.
Figure 2. Curing time (seconds) needed to maintain the radiant
exposure (10-11 J/cm2) at multiple curing distances (mm) for each
LCU using the MARC-RC top sensor. The curing times were adjusted
by maintaining the radiant exposure at 0-, 2-, 4-, 6-, and 8-mm
distances based on the manufacturer’s information to polymerize
Tetric EvoCeram bleaching shade XL RBC. The curing times
increased with the increase in the distance in a pattern that was
unique for each LCU.
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regardless of the surface or curing distance. The
irradiance was significantly higher at 2-mm than 8-
mm curing distance for all LCUs, regardless of
surface. Generally, the trend of significant differenc-
es in irradiance among the LCUs for the top was not
the same for the bottom, regardless of the curing
distance. On the top (Figure 4a), the irradiance
values at 2-mm distance revealed that V was
significantly higher than the remaining LCUs, with
the lowest values seen when curing with O. At 8 mm,
the top surface values for BS were significantly
higher than the remaining units, and DEMI (D) was
significantly lower. On the bottom surfaces (Figure
4b), SM and DU at 2-mm curing distance showed
significantly higher irradiance, and O had the lowest
values. At 8 mm, BS was significantly higher than
the remaining lights, and SM and D were signifi-
cantly lower. The irradiance values decreased sig-
nificantly between the top and bottom surfaces
irrespective of the original values received on the
top.
The radiant exposure comparison among the
LCUs at each distance showed values that were
significantly higher on the top than the bottom,
regardless of the curing distance or LCU (Table 3).
The values significantly decreased between 85.6%-
92.6% on the bottom regardless of the original values
received on the top. On the bottom surfaces, radiant
exposure was significantly lower at 2 mm than 8
mm, except when using O.
On the top surfaces, the DC value at 2-mm
distance was significantly higher when using SM
than when using the QTH or single-emission peak
LED units (Figure 5a). Also, using the single-
emission peak LED units resulted in significantly
lower DC values than the remaining LCUs, except
that DU did not show significant differences from
BS. At the 8-mm curing distance, O and BS showed
significantly higher top surface DC values than the
single-emission peak LED units. Using DU revealed
significantly lower DC values than the remaining
LCUs, except for D. At 2 mm, D had significantly
lower bottom surface values than O, BS, and SM
(Figure 5b). At 8 mm, V had significantly higher DC
on the bottom than SM and D. In addition, D had
significantly higher DC than SM. The DC values
were significantly higher at 2-mm than 8-mm
distance when using SM regardless of the surface
(Figure 6).
The percentage decrease in the DC values between
the top and bottom surfaces ranged from 0.2%-7.4%
and was significant at 2-mm distance when using the
QTH or multiple-emission peak LED lights (Figure
7). At 8 mm, O and SM showed a significant decrease
in DC values from the top to the bottom surfaces.
Table 2: Percentage Decrease in Irradiance and
Percentage Increase in Curing Time to Maintain
a 10-11 J/cm2 Radiant Exposure
LCU Irradiance, %
Decrease Between
2- and 8-mm Distances
Curing Time, %
Increase Between
2- and 8-mm Distances
O 37 43
BS 33 50
SM 67 175
V 62 171
D 53 100
DU 68 175
Figure 3. Representative spectral irradiance curve of the LCUs
collected using the top and bottom MARC-RC sensors combined with
the measured absorbance spectrum of CQ and TPO photoinitiators at
0.005 M concentration. (a) Spectral irradiance curve at 2-mm distance
from the top MARC-RC sensor, representing the irradiance received
on the top surfaces. The spectral irradiance of the longer-wavelength
curve encompasses the CQ photoinitiator absorption range. The
shorter wavelength curve for the QTH and multiple-emission peak
LED units encompasses the TPO photoinitiator absorption range. (b)
Spectral irradiance curve at 2-mm distance from the top specimen
surfaces passing through the 2-mm increment and detected by the
bottom MARC-RC sensor, representing the irradiance received on the
bottom surfaces. The spectral irradiance dramatically decreased on
the bottom. The spectral irradiance of the shorter-wavelength curves
was no longer detected by the bottom sensor when using the multiple-
emission peak LED units.
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Figure 4. Mean (SE) irradiance
(mW/cm2) values received by the
RBC specimens at 2- and 8-mm
distances. (a) Mean irradiance on
the top surfaces. (b) Mean irradiance
on the bottom surfaces. The irradi-
ance measurements were collected
from a MARC-RC system. The top
MARC-RC sensor recorded the irra-
diance values representing those
received on the top specimen surfac-
es at 2- and 8-mm distances. The
bottom sensor detected the irradiance
values passing through the 2-mm-
thick RBC increment at 2- and 8-mm
distances. Letters represent signifi-
cant differences among the LCUs at
each distance for each surface. For
each LCU, the irradiance values on
the top for each LCU was significantly
higher than the bottom, regardless of
the distance. 4b was smoothed for
clarity.
Figure 5. Mean (SE) DC (%) values
for RBC specimens at 2- and 8-mm
distances. (a) Mean DC values on the
top surfaces. (b) Mean DC values on
the bottom surfaces. The DC mea-
surements were collected using mi-
cro-Raman spectroscopy. Letters rep-
resent significant differences among
the LCUs at each curing distance for
each surface.
Figure 6. Mean (SE) DC (%) values
for RBC specimens at 2- and 8-mm
distances. (a) Mean DC values on the
top surfaces. (b) Mean DC values on
the bottom surfaces. The DC mea-
surements were collected using mi-
cro-Raman spectroscopy. The aster-
isk represents significant differences
between the 2- and 8-mm distance for
each LCU on each surface.
Figure 7. Mean (SE) DC (%) values
on the top and bottom surfaces of the
specimens at 2- and 8-mm distances.
The asterisk represents significant
differences between the top and
bottom surfaces for each LCU.
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The ANOVA revealed that the interaction between
the LCU and curing distance had a significant effect
on the irradiance and radiant exposure received on
the top and bottom surfaces and on the DC values on
the bottom surfaces.
Correlation Among Irradiance, Radiant
Exposure, and DC
An overall strong positive correlation between
irradiance and radiant exposure was detected
(0.87-1) regardless of the curing distance, with a
few exceptions: on the top surfaces at 2 mm distance,
a moderate positive correlation was detected (0.57)
when V was used, and a negative correlation was
shown (0.73 and 1) when O and DU were used,
respectively. On the top surfaces of 8-mm distance, a
weak positive correlation was detected (0.14 and
0.13) when D and DU were used, respectively. A
moderate correlation was found between DC and
irradiance and between DC and radiant exposure
regardless of distance. However, the correlations
varied for each LCU, at each distance, and on each
surface (data not shown).
DISCUSSION
Influence of Distance on Irradiance
The outcomes of this study showed an inverse
relationship between the curing distance and irradi-
ance, resulting in a direct relationship between
curing time and distance to maintain a similar
radiant exposure (Figures 1 and 2). However, the
pattern was unique for each LCU. The percentage
change in irradiance and curing time between 2- and
8-mm distances was the least for O and BS (Table 2).
A more uniform spectral radiant power has been
reported for the QTH and from the BS’s updated
guide tip than with the remaining LED units.22 On
the other hand, relatively similar patterns of change
were seen when using SM, V, and DU, requiring the
greatest percentage increase. Those three curing
units had their LED chips located within the light
guide head and not the body. This may suggest that
irradiance values at different distances are affected
by the location of the LED chips within the curing
unit. The overall results agree with previous studies
that reported that mean irradiance values for a
given location are negatively affected by increased
curing distance as emitted light diverges over a
larger surface area.3,8,28,29
Spectral Irradiance Received on the Specimen
Surfaces
The outcomes showed variations in spectral irradi-
ance between the QTH and LED units, in addition to
differences among the LED units (Figure 3). This
agreed with similar studies.1,30 Interestingly, spec-
tral irradiance showed a large drop from the top to
the bottom, and the peak heights varied for each
LED unit on each surface. These differences may be
attributed to the LCU type. A QTH unit has a wide
spectral emission curve (390-520 nm), which in-
cludes the wavelengths needed by most photoinitia-
tors.4,31 However, a QTH unit may not activate TPO
as effectively as CQ because it has a lower spectral
irradiance in the TPO adsorption region compared
with the CQ region. A multiple-emission peak LED
unit emits light within narrow spectral ranges that
fall within the maximum absorption range of CQ
(450-470 nm) and TPO (380-420 nm).4,31 The
outcomes agree with the literature.1,4,31 The LED
units may provide equivalent polymerization in a
shorter curing time because more photons are being
provided in more effective absorption ranges.4,31
This was relatively supported by our study, in which
the QTH unit needed more curing time at 2- and 8-
mm distances compared with the LED units.
The spectral irradiance peaks in the shorter
wavelength region on the bottom surfaces were not
effectively detected compared with the top, regard-
less of the LED unit used. These observations may be
partially explained by the extent of light transmis-
sion through the specimens23,32,33: the shorter
Table 3: Mean (SE) Radiant Exposure (J/cm2) Received
on the Top and Bottom Specimen Surfacesa
Distance,
mm
LCU Radiant Exposure, J/cm2
Top Bottom
2 O 10.63 (0.16) 1.15 (0.017)
BS 10.34 (0.04) 1.05 (0.019)
SM 9.72 (0.24) 1.07 (0.022)
V 10.06 (0.04) 0.74 (0.007)
D 10.26 (0.05) 0.93 (0.016)
DU 10.54 (0.10) 1.11 (0.016)
8 O 10.08 (0.13) 1.15 (0.037)
BS 10.29 (0.21) 1.26 (0.015)
SM 9.89 (0.08) 1.30 (0.017)
V 10.81 (0.19) 1.29 (0.029)
D 10.44 (0.10) 1.51 (0.031)
DU 9.83 (0.05) 1.43 (0.015)
a The radiant exposure measurements were collected from a MARC-RC
system. The top MARC-RC sensor recorded the radiant exposure values
received on the top specimen surfaces at 2- and 8-mm distances. The
bottom sensor detected the radiant exposure values passing through the 2-
mm RBC increment at 2- and 8-mm distances. At each distance for each
LCU, the radiant exposure values on the top surfaces were significantly
higher than on the bottom.
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wavelength becomes more scattered or refracted
compared with the longer wavelengths. These
findings were in agreement with previous work and
the results of other authors.22,34 Also, photoinitia-
tors, pigments, and filler particles may have ham-
pered light transmission through the specimens by
absorbing, scattering, or refracting the light at the
resin-filler interface.2,10
Influence of Distance on Irradiance, Radiant
Exposure, and DC Measurements on Specimen
Surfaces
Comparisons of the mean irradiance values among
the LCUs showed significant differences regardless
of the distance and surface (Figure 4). It was
intriguing to see that the curing unit that exhibited
higher irradiance values at 2-mm distance did not
necessarily provide a higher irradiance at 8-mm
distance. Similarly, the unit that exhibited higher
irradiance values on the top did not necessarily show
higher irradiance on the bottom. Since the curing
unit position was standardized, the overall observa-
tions were highly influenced by the differences in
light sources.4,31 An LCU’s effectiveness depends on
the radiant power and photons it emits that activate
the photoinitiators within an RBC.35 For D, the
significantly lower mean irradiance values detected
at 8-mm curing distance compared with the remain-
ing curing units could be attributed to the Turbo
light guide tip, which has an exit diameter smaller
than the entry diameter, producing a wider light
cone as the distance increases.28 Consequently,
irradiance values are negatively affected because
less radiant power strikes any delineated portion of
the surface with increasing distance. It is important
to note that the measurements reported from the
sensors do not reflect the irradiance of the entire
light guide tip but only of the guide tip area that fell
over the sensor. In this study, the measurements
collected were from the center of each guide tip, and
the DC measurements obtained from the specimens
relatively coincided with the sensor dimensions.
Thereby, the irradiance and radiant exposure values
recorded reflected the irradiance and radiant expo-
sure received on the top and bottom specimen
surfaces.
Comparisons of the irradiance and radiant expo-
sure between the top and bottom surfaces showed
that the irradiance transmitted through the speci-
men and radiant exposure detected on the bottom
significantly decreased compared with the top
(Figure 4; Table 3). Interestingly, the irradiance
and radiant exposure decreased between 85.2%-
92.6% from the top to the bottom. This suggests that
the light from the LCUs may have transmitted
through the specimens in a similar manner, regard-
less of the distance or irradiance values on the top.
The nonsignificant difference in the mean radiant
exposure values on the bottom was consistent with
similar radiant exposure provided on the top. The
results support previous work.22
Sufficient conversion of monomer into polymer
during RBC polymerization is essential to produce
an RBC with satisfactory properties.2,36 The DC
measurement may estimate the properties of the
final restoration because a correlation was suggested
between DC and microhardness, elastic modulus,
glass transition temperature, wear, marginal break-
down, elutable substances from the composite, and
volumetric shrinkage.13,36-43 The clinical perfor-
mance of an RBC may be predicted based on the
DC values, in which higher DC values may predict
higher mechanical and physical properties. Assess-
ment of the bottom/top hardness ratio is used as an
indicator of the curing effectiveness of the RBC. A
bottom/top hardness ratio of 80% is commonly used
as the minimally acceptable ratio for RBCs.23,44
The DC results showed several interesting find-
ings. First, similar DC values were achieved with
similar radiant exposure, although some variation in
DC values occurred regardless of the LCU, distance,
and surface (Figure 5). This was true even with
significant irradiance reduction on the bottom
surface and with increased distance (Figure 4).
Second, at each distance, significant differences in
DC values were observed among the LCUs. It was
intriguing that the unit that showed a higher
irradiance value did not necessarily display higher
DC values and vice versa, regardless of the surface
or curing distance (Figures 4 and 5). DC values of
50%-75% are typically achieved when using a
conventional RBC.45 In our study, all LCUs resulted
in DC values greater than 63%, regardless of the
surface or curing distance. Therefore, our results
indicated that sufficient polymerization may be
achieved when radiant exposure values between
0.7-1.5 J/cm2 and irradiance values between 55.9-
84.6 mW/cm2 are received on the bottom. These
findings were in agreement with those of another
study.19,22
Interestingly, although using the single-emission
peak LED units exhibited the lowest DC values on
the top among the LCUs, the same was not true on
the bottom. This suggests that light was not
attenuated to a degree that compromised polymeri-
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zation on the bottom. Our results agreed with those
of another study that explored various LCUs46 and
agreed with a study that evaluated bulk-filled RBCs
and concluded that light transmission did not alter
polymerization kinetics and that DC cannot be
related to light transmittance.47 Another possible
explanation for the higher DC values on the bottom
is the reflection of the light off the radiopaque bottom
sensor. The findings agreed with other studies,
which suggested that a similar degree of polymeri-
zation could be achieved when using a QTH or
single- or multiple-emission peak LED units.48,49
Third, when comparing the 2- and 8-mm distances
for each LCU, it was revealed that distance did not
have a significant influence on DC values, except for
SM (Figure 6). The significant differences among the
LCUs at each distance may also be explained by the
differences in the units and the amount of photons
received by the specimens. The nonsignificant
differences between the 2- and 8-mm distances for
each LCU may be attributable to the similar radiant
exposure values received by the specimens allowing
for sufficient generation of free radical growth
centers and satisfactory polymerization.1,25 In addi-
tion, the prolonged curing time at the 8-mm distance
may have increased heat generation favoring poly-
merization.2,50 The significantly higher mean DC
values for SM at 2-mm than 8-mm distance regard-
less of the surface may be due to the angled position
of the blue and violet LED chips within the unit
head. This may have allowed the emitted light to be
more focused at 2 mm than 8 mm. The number of
photons hitting the specimens may have impacting
the amount of photoinitiators activated and the rate
of polymerization.
Finally, the percentage decrease in DC values
from the top to bottom was significantly higher with
the QTH and multiple-emission peak LED units at
2-mm distance and with O and SM at 8-mm
distance (Figure 7). At 2-mm distance, the signifi-
cantly higher DC values on the top when using the
QTH and multiple-emission peak LED units may be
because TPO was effectively activated on the top
but not at the deeper parts of the specimen
compared with CQ.20 In addition, this suggests that
TPO was not effectively activated when using the
single-emission peak LED units due to the absence
of the violet LED chip. Nevertheless, polymeriza-
tion was not compromised when using the single-
emission peak LED units, which may indicate
sufficient free radicals were generated, allowing
satisfactory polymerization activation. However, at
8-mm distance, the significant differences in DC
percentage decrease when using O and SM may also
be partially explained by the amount of photo-
initiator activation and complexity of polymeriza-
tion kinetics.
The ANOVA outcomes showed that interaction
between the LCU and distance had a significant
effect on irradiance and radiant exposure received on
the top and bottom surfaces and on the DC values on
the bottom. This may be explained by the differences
among the LCUs, light transmission through the
specimens, and complexity of polymerization kinet-
ics, as mentioned. Nevertheless, it is important to
note that the observations in this study may
translate to RBCs with similar composition, shade,
and translucency, but the findings may differ to
some extent when using different RBCs.
Correlation Among Irradiance, Radiant
Exposure, and DC
The correlation outcomes demonstrated that the
strength of the correlation among the average
irradiance, radiant exposure, and DC values on the
top and bottom surfaces was dependent on LCU and
curing distance. Although a generally positive,
strong correlation between the average irradiance
and radiant exposure values existed, this did not
necessarily result in a strong correlation between the
average irradiance and DC values nor between
radiant exposure and DC, regardless of the LCU
used, curing distance, or specimen surface.
Clinical Impact
The findings are of clinical value because they show
the relationship between distance and curing time.
Using the multiple-emission peak curing unit, BS
can be convenient for clinicians because the manu-
facturer’s recommended curing time may be used up
to a 6-mm distance from the restoration. When
increasing to an 8-mm distance between the guide
tip and cavity floor, it was necessary to almost
double the curing times when using a QTH or a
single-emission peak curing unit that had the LED
chip in the body of the unit. The curing time was
tripled when using the curing unit that had the LED
chips within the unit’s head.
For all units, obtaining similar radiant exposure
resulted in satisfactory polymerization. Although not
an exact predictor, radiant exposure received by the
restoration was an effective guide for polymeriza-
tion. This may be a helpful guide for clinicians when
specific curing instructions are not provided for
clinically relevant distances.
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There is potential benefit for manufacturers to
provide curing protocol guides for a given RBC
using different LCUs at multiple distances. Fur-
ther investigation is needed to explore the influ-
ence of these distances on RBC mechanical prop-
erties.
CONCLUSIONS
1. Achieving similar radiant exposure with increased
curing distance using the LCUs investigated
resulted in satisfactory polymerization on the top
and bottom surfaces of the RBC explored with
respect to DC, although the same DC values were
not reached.
2. Sufficient polymerization was achieved when the
bottom RBC surfaces received radiant exposure
values between 0.7-1.5 J/cm2 and irradiance
values between 56-85 mW/cm2.
3. A moderate correlation existed among irradiance,
radiant exposure, and DC.
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